Introduction
============

In eukaryotic evolution, the relative importance of horizontal gene transfer (HGT) compared with other sources of genetic novelty (i.e., gene duplication, modification, and de novo origination) is an unsettled topic. This is in contrast to Bacteria and Archaea, among which HGT is established as a major driver of genetic innovation ([@evt179-B66]; [@evt179-B70]; [@evt179-B91]). Although the impact of HGT on eukaryotic evolution remains poorly characterized, HGT has been implicated in the exploitation of new niches by several microbial groups, including apicomplexans ([@evt179-B88]), ciliates ([@evt179-B78]), diplomonads ([@evt179-B4]), and fungi ([@evt179-B83]). Thus, HGT may be a significant driver of gene innovation in at least some eukaryotic lineages ([@evt179-B44]; [@evt179-B3]). However, poor resolution at the base of the eukaryotic tree of life as well as the dearth of next-generation sequence data from microbial eukaryotes complicates the interpretation of gene phylogenies otherwise suggestive of HGT (reviewed in [@evt179-B85]; see, e.g., [@evt179-B17]; [@evt179-B21]; [@evt179-B23]).

Although challenges remain in measuring and interpreting HGT in eukaryotes, gene transfer during the evolution of mitochondria and plastids (i.e., endosymbiosis) is a well-established mechanism for gene transfer, a process referred to endosymbiotic gene transfer (EGT). The primary plastid of the Archaeplastida (i.e., red, green, and glaucophyte algae, [@evt179-B2]) arose through an endosymbiotic association between cyanobacteria and a heterotrophic, eukaryotic host ([@evt179-B25]). The resulting photosynthetic organelle, the plastid, maintains a reduced genome of ≤200 genes, but the majority of genes required for photosynthesis have been transferred to the nuclear genome of the algal host ([@evt179-B54]). Many of these transferred genes are targeted back to the plastid, but some have been co-opted to function in novel processes and thereby increase the genetic potential of the host genome ([@evt179-B54]). Plastid endosymbioses involving eukaryotic algal endosymbionts, rather than cyanobacteria, further distributed plastids, and the genes necessary to maintain them, across the eukaryotic tree of life ([@evt179-B5]).

Another possible mode of HGT in microbial eukaryotes is the acquisition of genetic material during prey ingestion ([@evt179-B24]), which is supported by accounts of HGT in phagotrophic lineages such as ciliates ([@evt179-B78]), euglenids ([@evt179-B55]), and amoebea ([@evt179-B26]). Further support for the prey ingestion model comes from algae (a nonmonophyletic group of photosynthetic, plastid-containing eukaryotes). Although primary plastid-containing organisms are strict autotrophs, with few exceptions, many algae with plastids derived via additional endosymbioses (e.g., euglenids and dinoflagellates) are mixotrophs that supplement photosynthesis with consumption of food particles ([@evt179-B86]). In the case of these mixotrophic algae, the prey ingestion hypothesis predicts that these organisms will have genes acquired both from their plastid and from their prey ([@evt179-B24]).

The dinoflagellates are protists (i.e., microbial eukaryotes) common in many aquatic environments and are ideal organisms for investigating the impact of HGT on eukaryotic evolution. Many dinoflagellate species are mixotrophs, having the ability to obtain carbon from photosynthesis as well as from ingestion of other phytoplankton and bacteria ([@evt179-B33]). In support of the prey ingestion model, previous work suggests that dinoflagellate nuclear genomes contain a large number of genes acquired via plastid endosymbiosis as well as genes horizontally acquired from other sources ([@evt179-B35], [@evt179-B36]; [@evt179-B65]; [@evt179-B64]; [@evt179-B40]; [@evt179-B57]; [@evt179-B93]; [@evt179-B89]; [@evt179-B17]; [@evt179-B68]). The placement of dinoflagellates is resolved and well supported in phylogenetic analyses, which is essential for inferring HGT based on phylogenetic incongruence between gene and species trees. Dinoflagellates are sister to the Perkinsidae, a parasitic group that includes the oyster pathogen *Perkinsus marinus* ([@evt179-B77]). Dinoflagellates and Perkinsidae together are sister to the apicomplexans, an exclusively parasitic group responsible for many human diseases including malaria and toxoplasmosis ([@evt179-B28]). The nearest major protist group to dinoflagellates and apicomplexans are the ciliates, and these three lineages together are the primary members of the superphylum Alveolata ([@evt179-B2]). Phylogenetic studies suggest that alveolates are related to stramenopiles (e.g., diatoms and giant kelp) and rhizarians (e.g., foraminifera and radiolarians) an association abbreviated as the stramenopile--alveolate--rhizaria (SAR) supergroup ([@evt179-B15]; [@evt179-B72]). However, despite this phylogenetic resolution as well as published cases of gene transfer, the full extent, timing, and consequences of HGT in dinoflagellates remain unknown because example genomes have not yet been sequenced.

Dinoflagellate genomes range in size from 1.5 to 185 Gbp (0.8 to over 60 times the size of the human genome) and are rife with noncoding sequence, tandem gene repeats, and other unusual features that make genome sequencing with current technology highly impractical with current assembly technology ([@evt179-B94]). Fortunately, transcriptome sequencing is an alternative approach for questions requiring comprehensive gene discovery in nonmodel organisms with complex genomes. Here, we analyze a comprehensive de novo transcriptome assembly for the dinoflagellate, *Alexandrium tamarense* strain CCMP1598, a member of the "Group IV" clade within the *A. tamarense* species complex. This species complex comprises five such clade groups each of which likely represents a distinct cryptic species ([@evt179-B48])*.* We cross-reference our *A. tamarense* Group IV gene set to transcriptomic and expressed sequences tag (EST) data from 21 additional dinoflagellate species (including transcriptome assemblies from *A. tamarense* Group I and Group III strains) to derive a final dinoflagellate unigene set that we then compare with 16 other algal and protist genomes. Using ancestral gene content reconstruction, we map gene acquisitions on the alveolate evolutionary tree and validate the results using a phylogenomic pipeline. This combined approach offers a robust, comparative exploration of the pattern of HGT in dinoflagellates relative to other eukaryotes.

Materials and Methods
=====================

Cell culture and Illumina sequencing of the *A. tamarense* Group IV transcriptome has been published elsewhere ([@evt179-B36]). Cultures of the axenic *A. tamarense* Group IV strain CCMP1598 were obtained from the National Center for Marine Algae and Microbiota (<https://ncma.bigelow.org>, last accessed November 26, 2013) and checked for visible signs of contamination via microscopy prior to RNA isolation. RNA-seq data were quality trimmed with the trim read module in the CLC genomics workbench ([www.clcbio.com](www.clcbio.com), last accessed November 26, 2013) using a quality score limit of 0.05 and removing all ambiguous nucleotides. The trimmed reads were assembled in Velvet (version 1.1.02) using the Oases extension (version 0.1.20) with tracking of short read positions enabled ([@evt179-B97]). The trimmed reads were randomly subsampled using the python package HTSeq for a rarefaction curve analysis. Eight different builds were created per read subset using a range of hash lengths from 23 to 51 kmers. The final build was constructed using the largest hash length and included the seven additional builds as long sequences with the Oases conserve long option enabled ([@evt179-B81]). This multi-hash-length assembly protocol maximized the assembly length while minimizing the number of contigs (for the rarefaction curves, see [fig. 1](#evt179-F1){ref-type="fig"} and [supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online).

*Alexandrium. tamarense* Group IV contigs were Blast queried against NCBI's nonredundant protein and EST databases, algal genomes from the Joint Genome Institute (<http://genome.jgi.doe.gov>, last accessed November 26, 2013), and additional algal 454 and Illumina transcriptome assemblies deposited in NCBI's Transcriptome Shotgun Assembly (TSA) archive ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). Contigs were tagged as potential contamination if their top Blast hit was not to another dinoflagellate and removed prior to further analysis. The *A. tamarense* Group IV assembly has been deposited at DDBJ/EMBL/GenBank under the accession GAIQ01000000. Protein sequences were predicted from the nucleotide assembly using top Blast hit information and FrameDP ([@evt179-B32]).

Ancestral Gene Content Reconstruction
-------------------------------------

In addition to the *A. tamarense* Group IV transcriptome, 16 genomes were used in the ancestral state reconstruction analyses ([@evt179-B30]; [@evt179-B1]; [@evt179-B6]; [@evt179-B69]; [@evt179-B7]; [@evt179-B87]; [@evt179-B13]; [@evt179-B71]; [@evt179-B12]; [@evt179-B29]; [@evt179-B95]; [@evt179-B18]; [@evt179-B31]). Protein sequences were downloaded from the NCBI genome database (*Babesia bovis*, PRJNA20343; *Cryptosporidium parvum*, PRJNA15586; *Plasmodium falciparum*, PRJNA148; *Theileria annulata*, PRJNA16308; *Toxoplasma gondii*, PRJNA32719; *Paramecium tetraurelia*, PRJNA19409; and *Tetrahymena thermophila*, PRJNA16792), the JGI genome portal (*Aureococcus anophagefferens*, filtered models 3; *Emiliania huxleyi*, best proteins; *Guillardia theta*, 20101209; *Micromonas pusilla*, 20110615; *Ostreococcus lucimarinus*, filtered models 2; *O. tauri*, filtered models 2; *Phaeodactylum tricornutum*, filtered models 2; *Thalassiosira pseudonana*, filtered models 2), and Ghent University's online genome annotation server BOGAS (*Ectocarpus siliculosus*, downloaded on August 17, 2011). Genes were annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) automated annotation pipeline using the bidirectional best hit method ([@evt179-B60]). The gene presence/absence matrix (phylogenetic profile) was analyzed in Count to reconstruct gene history using both Dollo parsimony (DP) and unweighted Wagner parsimony (WP) ([@evt179-B20]).

Phylogenomic Analysis
---------------------

Two local databases were constructed for the purpose of this article. The protein database included NCBI's Reference Sequence (release 42) and predicted protein sequences from recently sequenced microbial eukaryotes (JGI genome portal and Ghent University's online genome annotation server BOGAS). The nucleotide database included transcript sequences from additional microbial eukaryotes from NCBI's Expressed Sequence Tag (EST) and TSA databases. Each local database was further subdivided based on major taxonomic groups (for list of groups, see [supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online), and each taxonomic group was individually queried using Blast.

The *A. tamarense* Group IV gene phylogenies were constructed using a custom phylogenetic pipeline; scripts are available from the authors upon request. Predicted amino acid sequences were first queried using BlastP and TBlastN against the local databases. For each Blast result, a hit was considered significant if the *E*-value was less than 1e^−3^ and the bit score was greater than 60. The Blast reports were parsed seven times using a range of fraction conserved (FC) thresholds (0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9). The FC score accounts for amino acid substitutions that occur frequently (given a substitution matrix) and is a more relaxed metric of sequence similarity than percent identity. If a hit passed the *E*-value, bitscore, and FC thresholds, the associated sequence was extracted from the database using a custom perl script. For matches to the nucleotide database, only the translations of the high-scoring segment pairs were included. To reduce the number of paralogs in the analysis, only the top hit per species was extracted. Extracted sequences were reordered based on global similarity to the query sequence with MAFFT using the minimum linkage clustering method and rough distance measure (number of shared 6mers) ([@evt179-B43]). After reordering, the files were reduced to include only the top 1,000 sequences, and files with less than four sequences were eliminated. Alignments were performed with MAFFT using the auto strategy selection and the BLOSUM scoring matrix closest to the FC threshold (i.e., a lower BLOSUM matrix was used when average sequence conservation was low, and a higher BLOSUM matrix was used when average sequence conservation was high). Poorly aligned positions and sequences were removed from the alignment using REAP ([@evt179-B16]), and trimmed alignments were further refined by a second MAFFT alignment using the same parameters as above. Phylogenetic trees were inferred using FastTree assuming a JTT+CAT amino acid model of substitution and 1,000 resamples ([@evt179-B73], [@evt179-B74]; [@evt179-B51]).

Trees were filtered using a perl script that eliminated trees in which only dinoflagellates were present or dinoflagellates did not form a monophyletic group. Trees that contained only one dinoflagellate species were also removed because monophyly could not be assessed and to mitigate any potential signal from contamination. For each tree, dinoflagellate nearest neighbors were identified using Phylosort, a tool for sorting phylogenetic trees by searching for a user-specified grouping of interest ([@evt179-B62]). For this analysis, a nearest neighbor association is defined as a sister relationship between a clade of dinoflagellates and another group of organisms with branch support of 0.75 or greater. Although we required dinoflagellate monophyly, other members of the neighbor group could be present elsewhere in the tree. This approach identified the most closely related sequences to our dinoflagellate clade while allowing for HGT and paralogous sequences in other lineages. To determine all possible nearest neighbors to dinoflagellates, we iterated through Phylosort using all lineages of interest (see [fig. 3](#evt179-F3){ref-type="fig"} for list of associations investigated) and identified all trees in which each lineage formed a neighbor association with dinoflagellates. For each iteration, the trees were rerooted with an outgroup that was automatically selected from taxa outside the relationship of interest. For each tree, the phylogenetic nearest neighbor to the dinoflagellate clade (*A. tamarnese* Group IV plus at least one additional dinoflagellate species) was determined, and the results from multiple pipeline iterations (using different FC thresholds) were combined to derive a consensus dinoflagellate sister association for each contig ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). Sequences for which no consensus could be determined (i.e., different pipeline iterations yielded different organisms grouping sister to dinoflagellates) were excluded from the analyses.

When manual curation of taxa or alignments was required, additional trees were built using RAxML rapid bootstrapping (100 replications) and maximum-likelihood (ML) search assuming a WAG amino acid model of substitution and Γ site heterogeneity model ([@evt179-B84]). RAxML trees were built for NDH-2, MQO, PNO, fumarase class I and II, FAD-DHAP, NADPH-IDH-II, and IlvE. Tests of monophyly were performed in RAxML using the log-likelihood Shimodaira-Hasegawa (SH) test between the unconstrained best tree and the best tree given a constrained topology ([@evt179-B82]).

Results and Discussion
======================

Transcriptome sequencing of *A. tamarense* Group IV produced 10.6 Gbp of raw read length that assembled into 142,638 contigs. The Oases de novo transcriptome assembler further clustered the contigs into 101,118 groups, hereafter referred to as Oases loci. This feature of the Oases assembler was originally developed to cluster alternatively spliced transcript isoforms into distinct loci. In dinoflagellates, however, it is likely that these Oases loci correspond instead to large tandem gene arrays, which may contain tens to thousands of highly similar gene copies ([@evt179-B52]; [@evt179-B9]; [@evt179-B37]). Random subsampling of the raw data and rarefaction curve analyses suggested that, although the overall assembly length and contig count continued to grow with additional input sequence, the number of Oases loci did not increase dramatically ([fig. 1](#evt179-F1){ref-type="fig"}). From these analyses, we concluded that our sequencing effort was sufficient to uncover most, if not all, gene families from *A. tamarense* Group IV, expressed under the culture conditions. F[ig]{.smallcaps}. 1.---Rarefaction curve showing the effect of adding raw sequence input (in billions of basepairs) on the *Alexandrium tamarense* Group IV de novo transcriptome assembly. Assembly length was measured in millions of basepairs. Number of sequences is illustrated both in terms of number of contigs in the full assembly and number of Oases loci.

The longest contig from each Oases locus in the *A. tamarense* Group IV assembly was cross-referenced against a custom database ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online) that included publicly available dinoflagellate transcriptomes and ESTs. Only the 85,163 contigs with a top Blast hit to another dinoflagellate were retained for downstream comparative analyses. The purpose of this contig-filtering step was to remove potential contamination, which can be difficult to identify in de novo transcriptome assemblies that lack genomic context. A second consequence of this filtering step is that any *A. tamarense* Group IV-specific genes were not included in our downstream comparative analysis, potentially underestimating the number of genes present in this organism. Because the focus of our analysis is gene change shared among dinoflagellate species, we consider this a reasonable, conservative tradeoff. A final caveat to this filtering step is that for many *A. tamarense* Group IV contigs, the only other dinoflagellate homologs found were from the sister species *A. tamarense* Group I and Group III. In some cases, this may reflect *Alexandrium*-specific inheritance (i.e., not shared broadly across dinoflagellates). In alternative cases, it may reflect the high depth of sequencing used for these transcriptomes; when this analysis was begun, no other dinoflagellate transcriptomes had been sequenced to similar depth.

The total number of genes in *A. tamarense* Group IV is unknown, but flow cytometry experiments have estimated the haploid genome to be approximately 100 Gbp ([@evt179-B46]). Current estimates of gene number in dinoflagellates are highly variable, complicated by widespread gene duplication and the absence of genome sequences ([@evt179-B9]). One massively parallel signature sequencing experiment identified 40,029 unique 21 bp transcript tags in this species, representing a lower-bound estimate of gene number ([@evt179-B27]; [@evt179-B63]). A regression analysis based on the relationship between gene content and genome size in sequenced organisms projected 87,688 protein-coding genes in *Prorocentrum micans*, a dinoflagellate whose genome is of comparable size ([@evt179-B37]). Based on these estimates, the number of Oases loci in our assembly (101,118), although high relative to gene content estimates for other organisms, is not unreasonable for a dinoflagellate transcriptome.

Reconstruction of Ancestral Gene Content Using Parsimony
--------------------------------------------------------

The *A. tamarense* Group IV transcriptome was compared with the gene sets of 16 fully sequenced eukaryotes. Five apicomplexans (*B. bovis*, *C. parvum*, *Pl. falciparum*, *T. annulata*, and *To. gondii*) and two ciliates (*Pa. tetraurelia* and *Te. thermophila*) were selected as representatives of the superphylum Alveolata. Stramenopile species included two diatoms (*Ph. tricornutum* and *Th. pseudonana*), a pelagophyte (*Au. anophagefferens)*, and a filamentous brown alga (*Ec. siliculosus*). Other species included in the analysis included a haptophyte (*E. huxleyi*), a cryptophyte (*G. theta*), and three prasinophyte green algae (*M. pusilla*, *O. lucimarinus*, and *O. tauri*). In total, 5,347 *A. tamarense* Group IV contigs were assigned to 2,959 KEGG ortholog (KO) groups (for distribution of biological pathways, see [supplementary fig. S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). *A. tamarense* Group IV had the largest number of KO annotations, but comparable numbers were obtained for all genomes analyzed ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online).

The taxa selected for the ancestral gene content reconstruction emphasized the difference in gene content between photosynthetic dinoflagellates, including *A. tamarense* Group IV, and their heterotrophic sister groups (i.e., apicomplexans and ciliates). The nine algal genomes included in the analysis allowed the comparison of three hypothetical sequence sets in dinoflagellates. Sequences shared between *A. tamarense* Group IV and other alveolates were most likely retained from a common ancestor and likely demonstrate vertical inheritance. Sequences shared among algae, including *A. tamarense* Group IV, were potentially acquired by dinoflagellates during plastid endosymbiosis via EGT. However, the exact number and timing of endosymbioses in the history of dinoflagellate plastids remains unknown (for hypotheses, see [@evt179-B5]), therefore, it is also possible that genes shared between *A. tamarense* Group IV and other algae were acquired via HGT from algal prey or even retained from a photosynthetic ancestor. Finally, sequences found in *A. tamarense* Group IV and missing in the other 16 genomes in the analysis may represent potential instances of HGT in dinoflagellates, which can be further evaluated with phylogenetics.

DP and unweighted WP were used to reconstruct the gene content (i.e., the presence or absence of each KO) for all ancestors in the phylogenetic tree ([fig. 2](#evt179-F2){ref-type="fig"}). Gene gain, in our ancestral state reconstruction analysis, is the shift from KO absence at the parent node to presence at the node of interest, and gene loss is the opposite transition. Because our comparisons were restricted to genes with KEGG annotations, de novo gene origination is an unlikely mechanism for gene gain in this analysis. Gene transfer, either horizontally or endosymbiotically, is one possible mechanism for gene gain; however, the results of ancestral gene content reconstruction are highly dependent on 1) the taxa included in the analysis and 2) the selected method for ancestral state reconstruction. DP is a conservative estimator of gene gain at terminal branches, because a gene may be lost multiple times but gained only once. This approach pushes any gain back in time to the last common ancestor of any taxa sharing the KO. Conversely, a WP approach, in which gene gain and gene loss are weighted the same, is the more relaxed method for estimating gene gain at the leaves of the tree. For this analysis, the two parsimony methods represent realistic bounds for estimating the number of gene changes on a branch. F[ig]{.smallcaps}. 2.---Ancestral gene content reconstruction of KOs. For both WP and DP analyses, bars and numbers to the right of the vertical axis represent the number of gene families gained at a branch relative to its parent. Bars and numbers to the left of the axis represent the number of gene families lost. The solid bar represents the net effect, either gain or loss of gene families, at each branch. LCA, last common ancestor; DALCA, dinoflagellate, apicomplexan LCA; SALCA, stramenopile, alveolate LCA.

Regardless of the method used, the branch leading to *A. tamarense* Group IV had the largest number of genes gained (1,563 WP; 314 DP) by a large margin, and the branch was unique in its asymmetry between gene gain and loss regardless of parsimony method ([fig. 2](#evt179-F2){ref-type="fig"}). These genes gained on the dinoflagellate branch under DP are necessarily missing from all other species in the analysis and are potentially acquired through HGT. Of the genes gained along the dinoflagellate branch using WP, 955 were independently lost in apicomplexans and ciliates in the DP analysis. Put another way, these 955 genes are shared between *A. tamarense* Group IV and one or more algal genomes in the analysis but are absent in the alveolate relatives of dinoflagellates. Predictably, many of these genes are algal in nature, including genes involved in photosynthesis (ko00195), the urea cycle (ko00330), the plant-like shikimate pathway (ko00400), and histidine biosynthesis (ko00340). In general, however, the KOs unique to *A. tamarense* Group IV as well as those shared between the dinoflagellate and other algae are involved in many biological processes rather than a few specific pathways ([supplementary fig. S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). *Alexandrium tamarense* Group IV also appears to have both alveolate and algal copies of many genes in pathways such as fatty acid biosynthesis and fatty acid metabolism (ko0061 and ko00071). These KOs are ideal candidates for investigation of functional divergence (e.g., subfunctionalization and neofunctionalization) of redundant genes in eukaryotes impacted by endosymbiosis and HGT. Color-coded maps of KEGG pathways discussed are provided in [supplementary figure S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online.

Validating Ancestral Gene Content Reconstruction with Phylogenomics
-------------------------------------------------------------------

In our analysis, the use of phylogenetic profiles for ancestral gene content reconstruction can predict cases of HGT in dinoflagellates only if the transfer resulted in the acquisition of the first copy of a given KO. Gene replacement or acquisition of additional paralogs via HGT cannot be detected using this method and can lead to underestimation of gene transfer. Conversely, KOs shared between dinoflagellates and other alveolates not included in the reconstruction analysis (e.g., gregarines or chromerids) would appear as unique gains in *A. tamarense* Group IV, potentially overrepresenting the number of true gene transfers in dinoflagellates. Phylogenetic incongruence between gene and species trees is another common method for detecting HGT and is not limited to the detection of novel gene families. Another strength of phylogenetic analysis is the ability to bring in additional sequences from many more taxa that lack fully sequenced genomes.

We created an automated phylogenomic pipeline to build gene trees for KEGG-annotated contigs from *A. tamarense* Group IV. The pipeline was unique in that query contigs were run through the pipeline several times while altering the threshold for what was considered an acceptable match for extracting full-length homologs for phylogenetic analysis. This approach uses the consensus between pipeline iterations, rather than a conservative *E*-value cutoff, to infer reliable phylogenetic relationships to query sequences ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). Of the 5,347 KEGG-annotated *A. tamarense* Group IV contigs run through our phylogenetic pipeline, 876 (16.4%) had an identifiable clade that grouped sister to dinoflagellates across the majority of pipeline iterations ([table 1](#evt179-T1){ref-type="table"}). In agreement with the species tree, the most common sister group to dinoflagellates was the perkinsid *P. marinus*, which was recovered in 266 contigs (30% of trees built). Stramenopiles and bacteria were also common sister groups to dinoflagellates, recovered in 103 and 92 contigs, respectively. Table 1Summary of Results from Phylogenomic Pipeline Showing Number of KEGG-Annotated Gene Trees Supporting Different Dinoflagellate Nearest-Neighbor AssociationsClade Sister to DinoflagellatesNo. Gene TreesUbiquitous[^a^](#evt179-TF1){ref-type="table-fn"}Algal[^b^](#evt179-TF2){ref-type="table-fn"}Dinoflagellate[^c^](#evt179-TF3){ref-type="table-fn"}Total*Perkinsus*101205266*Chromera*0405Apicomplexans126258DAC[^d^](#evt179-TF4){ref-type="table-fn"}80029Ciliates23117Alveolates0002Stramenopiles8523103Rhizaria17319SAR[^e^](#evt179-TF5){ref-type="table-fn"}1103Plantae322448Haptophytes134253Cryptophytes44014Excovates14117Amoebozoa1104Opistokonts4121137Eukaryotes24378109Bacteria2402692All17324766876[^3][^4][^5][^6][^7][^8]

To assess the congruence between the presence--absence and phylogenetic analyses, we tested three KO annotated gene sets in *A. tamarense* Group IV: 1) KOs present in all species included in the presence--absence profile (hereafter referred to as the ubiquitous set); 2) KOs shared between dinoflagellates and other algal species (hereafter referred to as the algal set); and 3) KOs present in dinoflagellates and absent from all other genomes in the presence--absence profile (hereafter referred to as the dinoflagellate set). The ubiquitous set consisted of 393 *A. tamarense* contigs and, not surprisingly, contained many essential genes, including components of the ribosome as well as DNA and RNA polymerase. The phylogenomic pipeline constructed gene trees for 173 of the 393 contigs in this set, and the majority (101, 58%) had dinoflagellates grouping sister to *P. marinus* in agreement with our expectation that these sequences would be vertically inherited ([fig. 3](#evt179-F3){ref-type="fig"}). A further 22 contigs in the ubiquitous set showed dinoflagellates grouping with other alveolates, also consistent with vertical inheritance. The algal set consisted of 955 contigs that we predicted would be comprised of sequences that were either vertically inherited from an algal ancestor (and independently lost in ciliates and apicomplexans) or acquired through plastid EGT or HGT from algal prey. For this set, we constructed gene trees for 247 contigs, many of which (112, 45%) were consistent with our prediction and showed dinoflagellates grouping sister to algae, most often stramenopiles ([fig. 3](#evt179-F3){ref-type="fig"}). However, some contigs in this set did not match the prediction, including 16% that showed dinoflagellates grouping with bacteria and another 15% that showed dinoflagellates grouping basally to a diverse clade of eukaryotes. One possible explanation for these associations is that the genes were acquired independently in photosynthetic dinoflagellates and other algae. Methodological artifacts including taxon sampling (e.g., [@evt179-B79]), long-branch attraction (e.g., [@evt179-B14]), and differential gene loss (e.g., [@evt179-B75]) could also be responsible for atypical phylogenetic associations. F[ig]{.smallcaps}. 3.---Phylogenomic bargraph showing the distribution of gene trees supporting diverse phylogenetic associations between dinoflagellates and other groups of organisms. Species tree is provided for reference, left. Bars represent putative categories based on the phylogenetic profile of the 17 species used in the KEGG ancestral gene content reconstruction (for list of species see [fig. 2](#evt179-F2){ref-type="fig"}). The ubiquitous set (gray bars) represents genes found in all 17 species. The algal set (green bars) represents genes found in *Alexandrium tamarense* Group IV and the other five algal species. The dinoflagellate set (red bars) represents genes present in *A. tamarense* Group IV and absent from the other 16 genomes. These putative categories were compared with the phylogenomic results, which included sequences from many more organisms. DAC, dinoflagellate, apicomplexan clade.

Finally, the dinoflagellate set included 314 contigs that we predicted were likely examples of HGT because they were not present in other species in the presence--absence analysis. The phylogenetic analysis (66 contigs with trees) supported this conclusion in most cases ([fig. 3](#evt179-F3){ref-type="fig"}). Over 37% (26 contigs) showed dinoflagellates grouping with bacteria compared with just 1% and 16% showing the same association in the ubiquitous and algal sets, respectively. Similarly, another 17% (11 contigs) showed dinoflagellates grouping with opisthokonts (e.g., fungi and choanoflagellates), eukaryotes that are very distantly related to dinoflagellates ([@evt179-B72]). Taken together, the results from the phylogenetic pipeline analysis support the ancestral gene-state reconstruction analysis and demonstrate extensive HGT in dinoflagellates.

Dinoflagellate Mitochondrial Metabolism
---------------------------------------

Despite being sister lineages, apicomplexans and dinoflagellates appear to have, at least superficially, vastly different ecologies. The majority of apicomplexans are obligate, intracellular, animal parasites, whereas many dinoflagellates (including the *A. tamarense* species) are photosynthetic, marine, and free-living. However, several apicomplexan genomic characteristics thought to be derived and the result of a parasitic lifestyle are shared with dinoflagellates, suggesting that these features evolved in their common ancestor ([@evt179-B22]). Notably, apicomplexans and dinoflagellates share extremely reduced mitochondrial genomes encoding only three protein-coding genes: cob, cox1, and cox3 ([@evt179-B92]), indicating extreme mitochondrial genome reduction in the **D**inoflagellate-**A**picomplexan **L**ast **C**ommon **A**ncestor (hereafter referred to as DALCA). Despite the loss of most mitochondria-encoded genes, free-living dinoflagellates are thought to retain typical mitochondrial metabolic pathways including oxidative phosphorylation and the tricarboxylic acid (TCA) cycle ([@evt179-B22]). It is possible that genes necessary for these mitochondrial processes were transferred to the dinoflagellate nuclear genome during mitochondrial genome reduction. A similar pattern of gene transfer from organelle to nuclear genome occurred in dinoflagellates during plastid genome reduction ([@evt179-B8]; [@evt179-B34]). Alternatively, mitochondrial metabolism could have been functionally rescued by nuclear-encoded genes, either through repurposing of native genes or acquisition of novel genes via HGT. An analysis of dinoflagellate nuclear-encoded genes involved in mitochrondrial metabolism has been hindered by the lack of comprehensive gene surveys for these organisms. In our gene content reconstruction analysis of nuclear-encoded genes, DALCA had a small but significant number of genes lost (41 WP; 160 DP). Consistent with shared mitochondrial genome reduction, the majority of these gene losses in DALCA were related to mitochondrial metabolism. What follows is a discussion of mitochondria-related gene loss in dinoflagellates and apicomplexans and a phylogenetic analysis of dinoflagellate nuclear-encoded genes that may functionally replace those lost in DALCA ([table 2](#evt179-T2){ref-type="table"}). Table 2Summary of Discussed Mitochondrial Proteins in DinoflagellatesMitochondrial Protein/Protein ComplexSCAPDOrigin of Dinoflagellate Gene Copy[^a^](#evt179-TF6){ref-type="table-fn"}NADH dehydrogenase    Complex I++−−−Lost in dinoflagellate--apicomplexan ancestor    NADH-2+++++Not resolved; see [table 3](#evt179-T3){ref-type="table"}    G3P DH FAD-dep+++++Not resolved; SH test supports nonvertical inheritance    MQO−−+++Not resolved; SH test supports nonvertical inheritancePyruvate dehydrogenase    PDHA, PDHB, DLAT++−−−Lost in dinoflagellate--apicomplexan ancestor    AceE−−−−+Horizontally acquired from bacteria    PNO+[^b^](#evt179-TF7){ref-type="table-fn"}−+[^c^](#evt179-TF8){ref-type="table-fn"}++Horizontally acquired in dinoflagellate--apicomplexan ancestor from unknown donorTCA cycle    NAD-IDH++−−−Lost in dinoflagellate--apicomplexan ancestor    NADP-IDH-I+++++Vertically inherited    NADP-IDH-II+−−−+Not resolved; HGT from bacteria or H/EGT from algae    Fumarase-I+−+++Not resolved; SH test supports vertical inheritance    Fumarase-II++−−+Not resolved; SH test supports nonvertical inheritance[^9][^10][^11][^12]

### NADH Dehydrogenase

The most notable gene change in DALCA was the loss of all subunits of NADH dehydrogenase (Complex I of oxidative phosphorylation). Genes present in the alveolate ancestor and lost in DALCA include those that encode the hydrophilic subunits of Complex I, NDUFS1, NDUFS4, NDUFS6, NDUFS8, NDUFV1, NDUFV2, NDUFA2, NDUFA5, NDUFA9, and NDUFAB1. In fact, no *A. tamarense* Group IV contigs mapped to Complex I in the KEGG oxidative phosphorylation pathway (ko00190, see [supplementary fig. S4*G*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online), and a search of all apicomplexan and dinoflagellate sequences in NCBI also yielded zero matches to Complex I. Additionally, no Complex I genes were found in the recently sequenced transcriptome of the dinoflagellate, *Hematodinium* sp. ([@evt179-B22]). In typical mitochondria, the hydrophobic arm of Complex I is mitochondria encoded, whereas the hydrophilic subunits listed above are located in the nucleus ([@evt179-B45]). Presumably, mitochondrial genome reduction---including the loss of the hydrophobic subunits of Complex I---occurred in DALCA and was associated with the loss of the nuclear-encoded subunits as well.

In place of Complex I, five copies of an alternative NADH dehydrogenase, NDH-2, were identified in the *A. tamarense* Group IV transcriptome ([table 3](#evt179-T3){ref-type="table"}). NDH-2 consists of a single protein and is found across the tree of life, most often acting as an accessory enzyme to Complex I ([@evt179-B45]). When Complex I is present, the specific purpose of NDH-2 is unknown, but suggested functions include elimination of excess reducing equivalents and the prevention of reactive oxygen species formation ([@evt179-B58]; [@evt179-B76]). In the apicomplexan *To. gondii*, NDH-2 is internally oriented, consistent with it oxidizing matrix NADH and acting as a functional replacement of Complex I ([@evt179-B50]). The five dinoflagellate isoenzymes identified in *A. tamarense* Group IV all possess the two GX(X)GXXG motifs characteristic of alternative NADH dehydrogenases, and two copies contain a Ca^2+^-binding EF hand motif present in NDH-2 group B ([@evt179-B56]). Table 3*Alexandrium tamarense* Group IV Alternative NADH DehydrogenasesContigFirst GXGXXG[^a^](#evt179-TF9){ref-type="table-fn"}Second GXGXXG[^a^](#evt179-TF9){ref-type="table-fn"}EF-Hand Motif[^b^](#evt179-TF10){ref-type="table-fn"}Phylogenetic Relationship[^c^](#evt179-TF11){ref-type="table-fn"}Locus 23902GSGWAAGGGPTGNoAlgaeLocus 31037GSGWGAGGGPTGNoNot resolvedLocus 74153GSGWGAGGGPTGYesLocus 7449, ViridiplantaeLocus 7449GSGWGCGGGPTGYesLocus 74153, ViridiplantaeLocus 87599GSGWGSGGGPTGNoNot resolved[^13][^14][^15]

Phylogenetic analyses were inconclusive but suggest that at least one of the NDH-2s in *A. tamarense* Group IV is not related to the alternative NDH dehydrogenases of apicomplexans. None of the dinoflagellate sequences group with apicomplexans in ML analyses, although bootstrap support values are low for some nodes ([supplementary fig. S5*A*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). Instead, dinoflagellate NDH-2s group with plastid-containing stramenopiles, Viridiplantae, and other algae. However, log-likelihood SH tests between the ML best tree and trees in which apicomplexans and dinoflagellate sequences were constrained demonstrated that the ML best tree was not significantly better than most constrained trees. Only for the characteristically algal copy (Locus 23902)---which groups with plastid-containing stramenopiles, haptophytes, rhodophytes, and green algae---could the analysis of monophyly reject the dinoflagellate--apicomplexan constrained tree.

An additional candidate pathway for channeling electrons into oxidative phosphorylation is the FAD-dependent glycerol-3-phosphate dehydrogenase system. Two copies of this dehydrogenase were found in the *A. tamarense* Group IV transcriptome, but neither group with other alveolates in phylogenetic analyses ([supplementary fig. S5*B*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). Instead, one dinoflagellate copy groups with stramenopiles and rhizaria. The second copy of FAD-dependent glycerol-3-phosphate dehydrogenase in *A. tamarense* Group IV is of uncertain evolutionary origin, but SH tests of monophyly reject either copy grouping with alveolates. Intriguingly, no version of this enzyme could be found in the recently sequenced transcriptome of *Hematodinium* sp., a member of the early diverging and parasitic group of dinoflagellates, the Syndiniales ([@evt179-B22]). Until a genome sequence is available, it is unclear whether FAD-dependent glycerol-3-phosphate dehydrogenase is truly missing in *Hematodinium*. However, its absence raises the possibility that the alveolate copy of this gene was lost in dinoflagellates following the divergence with perkinsids, and later the function was reacquired in some lineages via HGT.

Another potential entry point for electrons into oxidative phosphorylation is via malate:quinone oxidoreductase (MQO), which reduces FAD and passes electrons onto ubiquinone in the transport chain. First described in bacteria ([@evt179-B42]), MQO has also been found in apicomplexans (presumably acquired via HGT, [@evt179-B30]). MQO has already been described in dinoflagellates and was recovered in our *A. tamarense* Group IV transcriptome, but the dinoflagellate sequences do not group with apicomplexans in phylogenetic trees as would be expected if the gene was horizontally acquired in DALCA ([@evt179-B64]). Instead, the dinoflagellate MQOs group with haptophytes, cryptophytes, and actinobacteria albiet with only weak to moderate support for the specific branching pattern ([supplementary fig. S5*C*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). In contrast, the *P. marinus* MQO groups with apicomplexans, suggesting that the apicomplexan and *P. marinus* version of the gene was acquired in DALCA, and that dinoflagellates at some point lost this ancestral copy and replaced it with an algal version of the gene following the split from the Perkinsidae.

### Pyruvate Dehydrogenase

In addition to the loss of Complex I, our ancestral gene content reconstruction suggests DALCA also lost the canonical eukaryotic enzymes involved in pyruvate oxidation (PDHA, PDHB, and DLAT). Pyruvate dehydrogenase (PDH) is responsible for the conversion of pyruvate to acetyl-CoA and is required for the TCA cycle. Despite missing the canonic PDH enzymes, labeling studies of *P. marinus* suggest that pyruvate metabolism is functional in this organism ([@evt179-B22]). The *A. tamarense* Group IV transcriptome revealed two other enzymes capable of catalyzing this reaction. The first is a bacterial copy of pyruvate dehydrogenase (aceE, K00163). Our phylogenetic analysis shows that dinoflagellate aceE forms a monophyletic group sister to actinobacteria ([supplementary fig. S5*D*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online).

In addition to aceE, the *A. tamarense* Group IV transcriptome contains an O~2~-sensitive pyruvate:NADP+oxidoreductase (PNO) that also catalyzes pyruvate oxidation. PNO is a fusion protein containing an N-terminal pyruvate:ferredoxin oxidoreductase domain, found in amitochondriate protists, and a C-terminal NADPH-cytochrome P450 reductase (CYPOR) domain that is ubiquitous in eukaryotes ([@evt179-B80]). PNO has been described in the apicomplexan *Cryptosporidium hominis* ([@evt179-B80]; [@evt179-B96]), and our analysis also identified copies of PNO in the perkinsid *P. marinus.* Although the phylogenetic trees of the individual domains are poorly resolved, SH tests could not reject the monophyly of *C. hominis*, *P. marinus*, and dinoflagellate PNO ([supplementary fig. S5*E*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) and [*F*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online) and suggests that this gene had been acquired by DALCA and subsequently lost in other apicomplexans.

### TCA Cycle

Another gene lost in DALCA related to mitochondrial metabolism was the NAD(H)-dependent form of isocitrate dehydrogenase (NAD-IDH), an enzyme involved in the forward reaction of the TCA cycle. The absence of NAD-IDH in apicomplexans has led to speculation that the forward cycle may not be working in these organisms ([@evt179-B67]). However, the lack of this enzyme in dinoflagellates and *Perkinsus*, despite possessing functional TCA cycles, has forced a reevaluation of the timing and consequences of gene loss in apicomplexans ([@evt179-B22]). One possible alternative for NAD-IDH is the NADP(H)-dependent version of the enzyme (NADP-IDH), which is typically involved in the reverse reaction of the TCA cycle. Two versions of the NADP(H)-dependent IDH were identified in dinoflagellates: a eukaryotic dimer (NADP-IDH-I) and a less common monomer (NADP-IDH-II) form of the enzyme. Dinoflagellate NADP-IDH-I groups with *P. marinus* and apicomplexans in phylogenetic trees consistent with it being vertically inherited ([supplementay fig. S5*G*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). In contrast, NADP-IDH-II is only found in photosynthetic eukaryotes and bacteria, a pattern indicative of EGT ([@evt179-B64]), although the source of the dinoflagellate copy cannot be determined in our analysis ([supplementary fig. S5*H*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). The reason for the acquisition of NADP-IDH-II in these algae is unknown, but the enzyme is involved in adaptation to cold temperatures in some marine bacteria ([@evt179-B90]).

A similar pattern of functional overlap in ancestral and horizontally acquired genes has occurred in the TCA enzyme fumarase. Dinoflagellates have both class I and class II versions of this enzyme. Class I is also present in *P. marinus* and apicomplexans, and---although the ML best tree does not recover alveolate monophyly---the SH analysis suggests that the alveolate fumarase-I are all related ([supplementary fig. S5*I*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). In contrast, fumarase-II is present in ciliates, but the SH test rejected dinoflagellate--ciliate monophyly. Instead dinoflagellate fumarase-II groups with bacteria and green algae suggesting that the gene was acquired via HGT rather than inherited from an alveolate common ancestor ([supplementary fig. S5*J*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online).

Genes of Bacterial Origin in Dinoflagellates
--------------------------------------------

Dinoflagellates grouped with bacteria in gene phylogenies for 92 KEGG-annotated *A. tamarense* Group IV contigs (10.5% of phylogenetically informative trees with KEGG annotations). There was no predominant taxonomic signal to suggest that the genes were acquired from one or a few bacterial donors ([supplementary fig. S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). Similarly, rather than demonstrating gain of individual pathways, the distribution of KOs suggests that horizontally acquired genes are involved in a variety of metabolic processes ([supplementary fig. S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). Metabolism, particularly carbohydrate and amino acid metabolism, made up a larger percentage of KOs in the bacteria-like subset compared with the total set. This is in general agreement with the complexity hypothesis that predicts that genes involved in information processing (e.g., translation and transcription) as well as genes with high connectivity (e.g., ribosomal proteins) are less likely to be horizontally transferred ([@evt179-B39]; [@evt179-B19]).

Many bacteria-like sequences in dinoflagellates appear to overlap or replace eukaryotic functional analogs. Dinoflagellates posses a bacterial valine:pyruvate aminotransferase (avtA) responsible for valine biosynthesis ([supplementary fig. S5*K*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online) ([@evt179-B53]). Intriguingly, *A. tamarense* Group IV also retains the eukaryotic functional equivalent, a branched-chain amino acid aminotransferase (ilvE). Ciliates and *P. marinus* also contain ilvE, but the gene has been lost in apicomplexans. The phylogenetic tree of ilvE offers poor resolution, but the test for alveolate monophyly suggests that the gene has been vertically inherited in dinoflagellates ([supplementary fig. S5*L*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). The driving force behind the acquisition of avtA in addition to ilvE is unknown, but this is not the only case of functional overlap between vertically and horizontally acquired genes in dinoflagellates. The presence of bacterial histone-like proteins in addition to canonical histone proteins and the replacement of eukaryotic RuBisCO with bacterial form II RuBisCO are two well-known, published examples of this phenomenon ([@evt179-B61]; [@evt179-B35]; [@evt179-B40]; [@evt179-B49]). Our phylogenetic analysis of mitochondria-related genes provide additional instances: in pyruvate metabolism, dinoflagellates possess PNO and aceE in place of eukaryotic PDH; and in the TCA cycle, these organisms have a putatively horizontally acquired fumarase-II in addition to the vertically retained fumarase-I.

Perhaps, the best example of functional overlap between vertically and horizontally acquired genes in dinoflagellates is the molecular chaperone grpE. Three copies of this protein were identified in the *A. tamarense* Group IV transcriptome, each one with a different evolutionary history. Phylogenetic analysis of the first copy shows dinoflagellates grouping sister to *P. marinus* and other alveolates, indicative of vertical inheritance ([supplementary fig. S5*M*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). The second dinoflagellate grpE groups with rhodophytes and "chromalveolate" algae ([supplementary fig. S5*N*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). This topology is suggestive of EGT via plastid endosymbiosis ([@evt179-B47]; [@evt179-B10]). The final dinoflagellate grpE groups with bacteria ([supplementary fig. S5*O*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). It is not uncommon for organisms to maintain multiple copies of this protein ([@evt179-B38]), but dinoflagellates seemingly maintain three copies from three different sources.

Bacterial-like genes in dinoflagellates also serve novel functions. One such example is phosphatidylserine synthase, an enzyme important for programmed cell death and apoptosis ([@evt179-B11]). Phylogenetic analysis shows the dinoflagellate phosphatidylserine synthase sequences grouping with proteobacterial genes ([supplementary fig. S5*P*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). Citrate lyase beta subunit (CitE) shows the same phylogenetic pattern ([supplementary fig. S5*Q*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online). Citrate lyase, the first enzyme of the reverse TCA cycle in bacteria, is a three-subunit enzyme, but only CitE has been identified in dinoflagellates. Although it is possible that the other subunits are missing from current surveys of dinoflagellate genes, it is more likely---given the intensity of EST and transcriptome sequencing---that the gene has undergone neofunctionalization and now acts independently in these organisms.

Conclusions
===========

There is a growing awareness that microbial eukaryotes are susceptible to HGT, but perhaps none more so than dinoflagellates. Our analysis of ancestral gene content using KOs indicates that *A. tamarense* Group IV has a large number of genes likely absent in the dinoflagellate--apicomplexan last-common ancestor. The amount of genes gained in *A. tamarense* Group IV is larger than in any of the other 16 species analyzed. As more dinoflagellate sequences become available, we are likely to better resolve the timing of gene losses and acquisitions within the dinoflagellate lineage more broadly, but the *A. tamarense* Group IV transcriptome presents a valuable starting point for exploring the impact of HGT on dinoflagellates as a whole. Phylogenomic analysis supports the interpretation of these genes being acquired via HGT from various sources including bacteria. Although additional analyses are needed to confirm the in silico functional annotations of *A. tamarense* Group IV transcripts, transferred genes appear to be involved in a diverse array of processes, such as carbohydrate, amino acid, and energy metabolism. Mitochondrial metabolism has been particularly impacted by HGT, perhaps driven by mitochondrial genome reduction in the common ancestor of apicomplexans and dinoflagellates. In many cases, horizontally acquired genes functionally replaced missing eukaryotic enzymes (e.g., NADH dehydrogenase and pyruvate dehydrogenase). Other transferred genes coexist with vertically inherited copies (e.g., isocitrate dehydrogenase, fumarase, valine aminotransferase, and molecular chaperones), and still others appear to confer novel functions (e.g., citrate lyase and phosphatidylserine synthase).
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[^1]: **Associate editor:** Martin Embley

[^2]: **Data deposition**: The *Alexandrium tamarense* Group IV transcriptome assembly described in this article has been deposited at DDBJ/EMBL/GenBank under the accession GAIQ01000000.

[^3]: N[ote]{.smallcaps}.---Ubiquitous, algal, and dinoflagellate gene sets based on KEGG ancestral gene content reconstruction (see [fig. 2](#evt179-F2){ref-type="fig"} for list of species in KEGG analysis). These putative sets are compared with the phylogenomic results, which included sequences from many more organisms.

[^4]: ^a^Ubiquitous indicates genes present in all genomes included in the ancestral gene content reconstruction.

[^5]: ^b^Algal includes genes shared between *Alexandrium tamarense* Group IV and other algal species in the ancestral gene content reconstruction.

[^6]: ^c^Dinoflagellate indicates genes present in *A. tamarense* Group IV and absent from all other genomes in the ancestral gene content reconstruction.

[^7]: ^d^Dinoflagellate--apicomplexan clade. In these gene trees, dinoflagellate sequences were sister to a complex clade consisting of two or more of the following groups/species: apicomplexans, *Chromera, Perkinsus.*

[^8]: ^e^Stramenopile, alveolate, rhizaria supergroup. In these gene trees, dinoflagellate sequences were sister to a complex clade consisting of two or more of the following groups: stramenopiles, alveolates (other than dinoflagellates), rhizarians.

[^9]: [Note.---]{.smallcaps}Presence (+) or absence (−) of genes is shown for each lineage: S, Stramenopiles; C, Ciliates; A, Apicomplexans; P, *Perkinsus marinus*; and D, Dinoflagellates.

[^10]: ^a^See [supplementary figure S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online, for phylogenies.

[^11]: ^b^Within apicomplexans, PNO has only been described in *Cryptosporidium hominis* ([@evt179-B80]).

[^12]: ^c^Within stramenopiles, PNO has only been described in the parasite, *Blastocystis hominis*. ([@evt179-B98]).

[^13]: ^a^Transcript amino acids corresponding to the two GX(X)GXXG motifs characteristic of alternative NADH dehydrogenases.

[^14]: ^b^Presence or absence of the Ca^2+^-binding EF hand motif indicative of NDH-2 group B.

[^15]: ^c^Sister clade to the dinoflagellate NADH dehydrogenase(s). See [supplementary figure S5*A*](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt179/-/DC1) online, for phylogeny.
